Abstract-We aim to achieve intraoperative localization of an early-stage gastric tumor that cannot be visually detected during laparoscopic surgery. In this study, we developed and evaluated a pneumatic tactile ring, which is a clinically applicable tactile device to provide instantaneous feedback from a tactile sensor directly manipulated by a surgeon. It was designed to be worn on the finger of the manipulating hand and to present pressure to the finger pad. It is lightweight, cost-effective, disposable, and sterilizable. We also developed a compact pneumatic drive unit to control the pressure and investigated its fundamental performance. The bandwidth of the pressure control was at least 1.3 Hz with a controllable range of up to 79.7 kPa. Moreover, a psychophysical experiment was performed to obtain the Weber ratio of the pressure and evaluate the effectiveness of the instantaneous tactile feedback of the sensor output through the tactile ring. The Weber ratio was 0.40 at the reference pressure of 22.7 kPa. The provided tactile feedback significantly reduced the absolute localization error and increased participants' confidence in their answers. It was shown that the tactile feedback through the ring is effective in laparoscopic tumor localization.
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INTRODUCTION
I NTRAOPERATIVE tumor localization is an important technique in minimally invasive surgery such as laparoscopy. In the laparoscopic resection of early-stage gastric cancer (and intraluminal growing submucosal tumors), surgeons preoperatively obtain information about the tumor from inside the stomach wall under peroral endoscopy. However, preoperative information is not available during surgery, and the early-stage gastric cancer is located on the inner surface of the stomach wall and cannot be visually detected from the outside of the stomach. The surgeon's tactile sense can be used to locate the tumor, which has a different stiffness from the surrounding normal tissue [1] , [2] , [3] . However, input from the tactile sense is substantially limited in minimally invasive surgery. If the tactile sense were compensated for, the surgeon could perform intraoperative tumor localization by probing the surface of the target tissue.
Many tactile sensors have been developed to achieve intraoperative tumor localization in minimally invasive surgery [4] . Among them, it is popular to measure rich tactile information such as spatially distributed information [5] and multimodal information (i.e., both applied force and indentation depth) [6] . In addition to the method used to acquire the tactile information, how the information is fed back to the surgeon is an important design factor [7] . One of the means of feedback is via the visual channel; for instance, graphically displaying the sensor output on an additional monitor next to the laparoscopic monitor and overlaying the distributed sensor output on the laparoscopic image. However, these approaches are problematic in clinical applications because the additional monitor will occupy space in the surgical room, and the overlay of the sensor output will degrade the laparoscopic image. It is also possible that overload of the visual channel might be caused [8] because the surgeons always concentrate on the laparoscopic image. Moreover, in palpation with master-slave teleoperation systems, it is common to provide a force to users from a master console according to the measured force [9] , [10] or estimated force [11] , [12] at the slave side. A major problem when providing such kinesthetic feedback in teleoperation is that the stability of the control loop can be significantly affected [13] .
Tactile feedback of the acquired information is a reasonable alternative in surgical situations because it is independent of the visual channel and does not interfere with the surgeon's manipulation. There are many tactile displays that provide sensory feedback to the surgeon in minimally invasive surgery, robot-assisted minimally invasive surgery, and surgical training. Various types of actuation principles have been employed; for instance, pneumatic-driven tactile displays with multiple balloons [14] , [15] , integrated capacitive sensors for three-axis deformation control [16] , and granular jamming chambers to change its stiffness [17] have been developed. Those that supply an air jet to the finger pad have also been created [18] . There are tactile displays that use multiple servomotors to actuate a pin array directly [19] , [20] , [21] , to drive a pin array through a flexible tendon and conduit [22] , and to control a planar platform [23] . In addition, there are several other principles employed in tactile displays such as the use of shape memory alloys [24] , [25] , magnetorheological fluid [26] , [27] , [28] , and microhydraulic actuators [29] . These tactile displays aim to supply rich tactile information such as spatially distributed pressure, stiffness, and multiple degrees of freedom of deformation. Although such tactile displays might be intuitive to use, they tend to have complexity due to the need of multiple displaying elements. This might result in high fabrication costs, which impedes their being used as disposable devices as well as their widespread application.
We have focused on temporal information-based palpation, in which a single output is acquired from a sensor and instantaneously fed back to the surgeon. A temporal information-based palpation system has the important advantage of simplicity since only a single sensing element and displaying element are needed unlike systems that use spatially distributed information. Yao et al. have developed a hand-held instrument with an embedded accelerometer and a vibrator to detect small cracks on objects in arthroscopic surgery [30] . This device detects a vibration at its tip while probing objects and presents amplified vibration to the tool body. An assistance device for needle insertion into soft tissues has been developed by Lorenzo et al. [31] . The device detects a force applied at the needle tip and transmits the magnified force to the operator. These studies showed that the detection and display of even a single output was effective in specific tasks. However, these devices were not designed for laparoscopic tumor localization, in which a long and thin probe is manipulated to detect a hard mass within soft tissue. Devices for this purpose should be lightweight and the means of feedback should be appropriately designed so as not to impede the manipulation of the probe. Moreover, some issues regarding their clinical application, such as reduced cost-effectiveness, disposability, and sterilizability, remain.
In a previous study, we developed a forceps-type tactile sensor for laparoscopic tumor localization [32] . The sensor employs an acoustic sensing principle; thus, it has great advantages for surgical applications such as being electrically safe for body tissue, sterilizability, and disposability. The sensor detects a single force applied to the side of the sensor tip. When the surface of the target tissue is continuously scanned by the sensor, the time series of the sensor output includes information about the tumor position. In addition, we have developed a tactile display for the user's foot, where sterilization is not needed, to present a single force related to the sensor output and investigated the effects of visual and tactile feedback from the tactile sensor on ability of the user to detect a phantom tumor and on the user's behavior [33] . It was found that the tactile feedback from the sensor had a positive effect on the sensor manipulation; however, the effect was not significant with respect to tumor detection. This might be because the selected feedback site was the foot, which is quite a distance from the hand manipulating the tactile sensor. The feedback to the foot may, therefore, not be informative enough for laparoscopic tumor detection. The devices that use only simple information were designed such that a sensor and an actuator are embedded in the same hand-held tool [30] , and a needle and manipulation point are coaxially aligned [31] . Spatial coincidence between the manipulating hand and the feedback site might, therefore, facilitate the sensory-motor integration and the interpretation of the given feedback.
The contribution of this study is the development and evaluation of a pneumatic tactile ring, which is a clinically applicable tactile device to provide instantaneous sensory feedback during laparoscopic tumor localization. To address the issue of spatial coincidence, tactile stimulation is transmitted to one of the fingers on the manipulating hand. The tactile ring was designed to present pressure to the surgeon's finger pad (see Fig. 1 ). Since it is driven by pneumatic power, it is lightweight, cost-effective, disposable, and sterilizable. It also hardly impedes the manipulation of the tactile sensor due to its wearability and means of stimulation. We also developed a compact pneumatic drive unit that consists of a diaphragm pump and a voice coil motor to control the inner pressure of the tactile ring continuously and quickly. The static and dynamic responses for the pressure controlled by the drive unit were investigated. Moreover, we performed a psychophysical experiment with 12 participants who had no medical background. First, just noticeable differences (JNDs) for the pressure were measured to quantitatively evaluate how the tactile ring presents the pressure perceived by the user and validate the signal processing applied to the sensor output. A localization test of a phantom early-stage gastric tumor was then conducted in a simulated laparoscopic setup. Localization performances were compared between the conditions with and without tactile feedback.
The design concept of the tactile ring and the details of the tactile ring and pneumatic drive unit are presented in Section 2. In Section 3, the fundamental characteristics of the devices are presented. The details of the psychophysical experiments are provided in Section 4 and the results of the experiments are given in Section 5. Section 6 provides a discussion on the effectiveness and limitations of the tactile ring. Finally, Section 7 concludes this paper.
TACTILE RING USING PNEUMATIC POWER
Design Concept
We aimed to develop a tactile device that is worn on the finger of the hand used to manipulate a tactile sensor. Placing the tactile device on the finger results in high spatial coincidence between the manipulating hand and the feedback site. Additionally, the device should not impede the sensor manipulation; in particular, it should not have a weight large enough to affect the sensor manipulation due to its large inertia. Thus, high wearability is required. It is also inevitable to meet requirements for clinical application [7] . Sterilization adaptability is a major factor for a device in contact with the surgeon's hand. Furthermore, a low-cost device means that it can easily be used in a disposable manner. To put an actuator, such as a motor and a vibrator, on an adjacent part of the finger will result in reduced wearability, sterilizability, and disposability. Thus, using pneumatic power is a reasonable choice for the development of a clinically applicable tactile device. Pneumatic power can be generated at a distance and has a high power-to-volume ratio. The body of the tactile device can therefore be lightweight, which causes less interference with the sensor manipulation. In addition, its low-cost fabrication allows for its use as a disposable device.
An important design factor is how a reaction force against the stimulation of the finger pad is grounded. Fingernailgrounded tactile devices are suitable to achieve better wearability than grounded and body-grounded devices [34] . There are many fingernail-grounded devices that achieve high wearability such as those in [35] , [36] , and [37] . In this study, we designed a pneumatic tactile ring, which is a ring-type device for pressure presentation. A ring is a reasonable shape to use to ground the reaction force. There are relevant studies on the development of tactile devices employing a ring shape to achieve high wearability [38] , [39] , [40] , [41] . However, these devices are not currently applicable to surgical situations because of the disadvantages related to the use of electrical elements. In this study, we designed the tactile ring to be rigid; thus, the surgeon can easily wear the device by just inserting it onto the finger, and the reaction force against the pressure presentation is grounded on the back of the finger pad and the nail. Moreover, we developed a pneumatic drive unit to supply air pressure. Many related studies on pneumatic tactile displays have mainly focused on their body; however, fewer studies have been conducted to reduce the overall size of the driving unit. It is popular to use a commercial air compressor, a tank, and a pneumatic valve, which tend to be bulky and are not optimized for specific applications. We aimed to control the inner pressure of the tactile ring continuously and quickly (at least a bandwidth of 1 Hz) with a compact setup.
Tactile Ring
The tactile ring is shown in Fig. 2b , and its composition is shown in Fig. 2c . It contains a cavity, which is opened at the inner lower side of the ring. A silicone rubber membrane with a thickness of 0.5 mm was stuck to the opened portion to form the presenting area of pressure. A sponge was attached to the inner upper side of the ring to address individual differences of finger size. The cavity was connected to a silicone rubber tube with a length of 3 m, and an inner and an outer diameter of 2 mm and 3 mm, respectively. Another tube end was connected to a luer-lock needle, which can easily be attached to/detached from a luer-lock coupling in the pneumatic drive unit. The total weight and cost of the tactile ring including the rubber tube is approximately 17 g and US$ 4.5, respectively.
Pneumatic Drive Unit
The pneumatic drive unit is shown on the right side of Fig. 2a , and its composition is shown in Fig. 2c . The drive unit mainly consists of a diaphragm pump (DSA-2F-12, DENSO SAN-GYO Co., Ltd.) and a voice coil motor (AVM20-10, Akribis Systems Japan Co., Ltd.). The pump can supply a maximum of approximately 90 kPa. The voice coil motor has a force sensitivity of 2.0 N/A. A silicone rubber sheet with a thickness of 1 mm was attached to the top of the movable part of the motor. Air is supplied at a constant flow rate to the tactile ring from the pump via an aperture with a diameter of 5 mm. An O-ring with the inner and outer diameters of 4.8 and 8.6 mm, respectively, was attached coaxially to the aperture. The voice coil motor presses the silicone rubber sheet against the aperture with the O-ring. This portion acts as a proportional flow valve because the air leakage rate from the aperture varies according to the pressing force of the motor. The dimensions of the unit are 120 Â 80 Â 43 mm including the protruding portions.
FUNDAMENTAL CHARACTERISTICS
Procedure
To investigate the pressure response at the presenting area in the tactile ring, a pressure sensor (AP-13A, KEYENCE Corp.) was connected to the pneumatic drive unit via the silicone rubber tube instead of the tactile ring. The pressure was recorded at a sampling frequency of 1 kHz.
The relationship between the input current to the voice coil motor and the inner pressure was investigated. The inner pressure was measured for eight input currents (0:22; 0:45; 0:69; 0:92; 1:15; 1:39; 1:63, and 1.86 A). Moreover, the step and frequency responses were measured to assess the dynamic performance of the drive unit. The inner pressure was measured for different step inputs that were switched on at 0.5 s and off at 2.5 s with eight target currents. For the measurement of the frequency responses, sinusoidal currents i in with different frequencies (0.1-1.0 Hz with a 0.1 Hz increment and 1-10 Hz with a 1 Hz increment) were used as inputs to the voice coil motor, as follows:
where f is the frequency of the input, t is time, and I A is the amplitude that corresponds to the target current. The frequency responses were measured for the eight target currents. Then, a gain was calculated according to the following equation:
where P A is the amplitude of the measured inner pressure, and P static is the corresponding inner pressure for the static target current. The gain indicates how the inner pressure decreases in comparison to the static response. All measurements were conducted 10 times for each input current.
Results
Fig . 3a shows the relationship between the input current to the voice coil motor and the inner pressure. The error bars indicate the standard deviation of the 10 measurements. The coefficient of determination was 0.999. Fig. 3b shows the step responses for different target currents. The mean response curve of 10 measurements is shown for each target. The rising times are longer than the falling times. The rising time, in particular, largely changes according to the target values. The frequency characteristics of the gain for different target currents can be seen in Fig. 3c . The gain decreased by increasing the frequency and also by increasing the target current for frequencies higher than approximately 1 Hz. A bandwidth of the tactile ring was calculated as a limit frequency at which the gain falls below À3 dB for each target pressure, and the result is shown in Fig. 3d . The bandwidth decreased by increasing the target pressure, and the minimum bandwidth was 1.3 Hz at a target pressure of 79.7 kPa.
Discussion
The static relationship between the input current and the inner pressure was almost linear. It is known that the input current to the voice coil motor is linearly related to the force generated. Thus, the inner pressure is related linearly to the pressing force against the aperture. We have assumed that the inner pressure can be calculated from the pressing force and the cross-sectional area of the contact portion between the Oring and the silicone rubber sheet; that is, the pressing force F is balanced with the force generated by the inner pressure P within the cross-sectional area A. In this case, the diameter of the circular cross-sectional area d is calculated as follows:
where C if ¼ 2:0 N/A is the force sensitivity of the voice coil motor, and I is the input current to the motor. We calculated an equivalent diameter by substituting the slope of the fitted line (41.3 kPa/A) in Fig. 3a for P =I, and the equivalent diameter was 7.9 mm. The inner and outer diameters of the O-ring were 4.8 and 8.6 mm, respectively. The equivalent diameter lies within them. This indicates that the controllable range of the inner pressure depends on the diameter of the O-ring. Moreover, the maximum suppliable pressure depends on the performance of the diaphragm pump. In this study, a pump that can supply a maximum of approximately 90 kPa was used. It was selected based on related studies on a pneumatic tactile display that presents several tens of kPa of air pressure [14] , [15] . In this way, the static performance of the drive unit can be designed by selecting a diaphragm pump, a voice coil motor, and an O-ring according to its application. The step responses of the inner pressure depended on the control direction and the target pressure as shown in Fig. 3b . In particular, the rising response curves for all target pressures overlapped, and the rising time changed according to the target pressure. This is due to the pressure-supply mechanism. The diaphragm pump was directly connected to the tactile ring, and a constant airflow was supplied. Thus, the airflow rate from the diaphragm pump is dominant in the rising responses. On the other hand, the falling responses did not depend as much on the target pressure. This is because the performance of the pump did not affect the falling response, where the air was only discharged. The falling response can, however, be affected by the diameter of the aperture that corresponds to a pneumatic resistance. Thus, the dynamic performance of the drive unit can be designed through the selection of the airflow rate of a diaphragm pump and the diameter of the aperture. Moreover, the inner diameter and the length of the silicone rubber tube strongly affect the dynamic performance [42] , and this should be taken into account in the design of the drive unit.
The bandwidth of the device was at least 1.3 Hz. In this study, we aimed to achieve a bandwidth of approximately 1 Hz since the output of our tactile sensor had frequency components lower than roughly 1 Hz when the user scanned the surface of a phantom of the stomach wall containing a typical tumor. Although the typically required bandwidth for a pin-array tactile display with 2 mm spacing is 30 Hz [43], we did not need a bandwidth this large because our device presents only a single pressure.
PSYCHOPHYSICAL EXPERIMENT
A psychophysical experiment measuring the JNDs of the presented pressure and a localization task of a phantom tumor in a simulated laparoscopic setup was performed. The measurement of the JNDs aimed to quantitatively evaluate how the tactile ring presents the pressure that can be distinguished by the user and validate the empirically determined signal processing to control the tactile ring. Moreover, we aimed to evaluate how the instantaneous tactile feedback through the tactile ring contributes to tumor localization. In laparoscopic resection of an early-stage gastric tumor, surgeons preoperatively acquire information about the tumor such as its dimensions and position using peroral endoscopy. The surgeons then find the accurate position of the tumor through tactile feedback to determine the appropriate cut-line. Thus, we designed our localization task such that a phantom tumor with constant dimensions was always present, and only its position was changed. This information was provided to the participants before localization trials.
Participants
In this study, we aimed to assess the effectiveness of the tactile ring in a fair manner. Professional surgeons will have a large variation in their surgical skills and experience. Thus, in order to reduce the effect of variation in manipulation skills on our experiment, we employed novice participants and provided them with the same practice trials before the experiment. Twelve persons (9 male and 3 female, age range 18-25, mean 20.4) without any medical background were paid to participate in this experiment. Eleven participants out of the twelve were strongly right-handed, and one participant was strongly left-handed according to Coren's test [44] . They gave their written informed consent before participation. The experimental protocol was conducted in accordance with the ethical standards of the Helsinki Declaration and approved by the Ethical Committee of the Nagoya Institute of Technology.
Feedback Signal to Tactile Ring
We aim to give instantaneous sensory feedback through the tactile ring to the operator of a tactile sensor. We used our proposed tactile sensor employing acoustic sensing principles [32] for the instantaneous feedback (see Fig. 4a ). The sensor has high surgical applicability since it is electrically safe for body tissue, disposable, and sterilizable. The sensor was somewhat improved from [32] for better usability; for instance, the entire length was 50 mm longer than the previous device, and the handle of the sensor was redesigned for better grip. In particular, the position of the sensing area was shifted toward the tip of the sensor, which assists the user in scanning the area of interest accurately. The sensor responds to a normal force applied to the sensing area.
The signal processing of the sensor output that controls the display device is an important design factor. We empirically designed the signal processing according to the results of pilot experiments and comments from clinicians who tested our device. The typical sensor output and the feedback signal to the tactile ring are shown in Fig. 4b . The sensor output responds with two small peaks since the target tumor has a toroidal shape. The sensor output was first filtered by a bandpass filter with a bandwidth of 0.5-10 Hz because the tactile ring aimed to present the relative pressure difference during scanning. Then, a gain of 80.7 kPa/V was applied to the sensor output. However, the gain was reduced to zero over 0.3 s after the initial contact between the sensor and the target object, and subsequently, it was gradually increased to its original value (see Fig. 4b ). The initial contact was detected based on a sensor output threshold (0.01 V). This aspect of the signal processing was added to remove the large pressure feedback due to the initial contact. An offset value corresponding to a pressure of 15.8 kPa was always added, which allowed for a negative feedback signal to be presented. The offset was empirically determined not to be large because, as shown in Fig. 3d , a large pressure results in a smaller dynamic response of the pneumatic drive unit. The values of the gain and offset were fixed for all of the participants.
Phantom of Stomach Wall
We aim to localize a 0-IIc (superficial ulcerative) type of earlystage gastric cancer [45] , which is located on the mucosal side of the stomach wall and typically has a toroidal shape. We have fabricated a phantom of the stomach wall with the tumor on the basis of the actual dimensions and stiffness of the stomach and the tumor in our previous study [33] . In this study, although the fabricated phantom was similar, the width was increased to 160 mm to enable the production of stimuli with different tumor positions (see Fig. 5a ). A stimulus for the localization task was prepared by putting the phantom with the mucosal side down on a sponge sheet with a thickness of 10 mm. The two ends of the phantom were supported by rigid semicircular bases and fixed by semicylindrical plates (see Fig. 5b ). Stimuli with different tumor positions were prepared by shifting the position of the phantom on the sponge along the x-direction.
Two different stimulus sets were prepared for practices and localization trials to prevent participants from memorizing the number or the position of the stimuli. As a stimulus set for practices, four stimuli with different tumor position, i.e., two far positions (þ5 and þ15 mm) from the lateral center of the stimuli and two near positions (À5 and À15 mm), were prepared. An additional set of five stimuli (À20; À10; 0; þ10; and þ20 mm) was prepared for the localization trials. Fig. 5c shows the camera image of the center of the five stimuli. Fig. 6 shows the setup for the localization experiment. It consisted of a laparoscopic training box (Endowork-Pro II, Kyoto Kagaku Co., Ltd.), a camera, a monitor for displaying the camera image, a 12-mm trocar (ENDOPATH XCEL CB12LT, Ethicon Inc.), the tactile sensor, and the tactile ring. The participants were asked to wear headphones playing white noise to avoid hearing sound from the pneumatic drive unit. They manipulated the tactile sensor with their dominant hand and wore the tactile ring on their middle finger of the dominant hand. For the left-handed participant, the setup was symmetrically rearranged. To avoid visual localization of the tumor, the training box was covered with a black cloth and the camera image was blurred slightly. A video detailing the setup and how a participant scanned the stimulus can be found in the supplementary material, which can be found on the IEEE Xplore Digital Library at https://ieeexplore.ieee.org/ document/8409323/. The stimuli were placed on a three-axis force sensor (Gamma SI-32-2.5, ATI Industrial Automation, Inc.), and they were fixed to the inside of the training box. Exerted force was measured at sampling frequencies of 1 kHz. If the participants applied a larger force than 1 N, an auditory alarm (1 kHz, square wave) was transmitted to the participant through the headphones. The participants were asked to reduce the force if they heard the alarm. The force limitation was to prevent an overload on the stimulus and also imitated real-life conditions since surgeons do not apply a large amount of force to the tissue in clinical situations. As a tool to indicate the position of the tumor, a toroidal marker that has the same diameter as the tumor was prepared. The marker was magnetically connected to a linear encoder that measures its lateral position; thus, the estimated tumor position by the participants was measured through the position of the marker. While the participants scanned the stimulus surface, the marker was removed from the training box.
Setup
Experimental Procedure
The entire experimental procedure consisted of three days for each participant. Fig. 7 shows an example of the detailed procedure. The first day was used for the JND measurements and for practice to become familiar with the sensor manipulation and localization tasks. The remaining two days were used for localization tasks with two experimental conditions. The conditions were set regarding the feedback from the sensor; no tactile feedback condition (N) and tactile feedback condition (T). Under condition N, the participants did not receive any feedback from the sensor. Under condition T, the participants received the pressure stimulation from the tactile ring according to the sensor output. The time interval of each condition was more than 24 hours to reduce learning effects and the participants completed the entire experiment within three weeks. The participants wore the tactile ring regardless of the condition. The experiment took 144 AE 16 min, 101 AE 16 min, and 98 AE 22 min for Days 1; 2; and 3, respectively.
JND Measurements
The participants wore the tactile ring but did not manipulate the tactile sensor. Three pressures (22:7; 42:1; and 61.4 kPa) were chosen as reference pressures on the basis of the pressure range of the pneumatic drive unit. The reference pressure was presented to the participant for a couple of seconds; then, the pressure was gradually increased/ decreased from the reference point and at the same time, an experimenter gave a cue to the participants. The participants were asked to indicate when they felt a pressure change, and the pressure difference from the reference was recorded as a JND. Each ascending/descending series was alternately conducted six times for each reference pressure. The presenting order of the three references was counterbalanced across the participants.
Localization Experiment
After the JND measurements on the first experimental day, the participants practiced the sensor manipulation and localization trials for each condition. The participants were informed that the dimensions of the tumor were always the same and that only the lateral position of the tumor was changed. They were asked to manipulate the sensor as follows. They first made contact with the stimulus, and then laterally slid the sensor in a single direction. After sliding the sensor, they lifted up the sensor. They were instructed not to slide the sensor back and forth. These instructions regarding the manipulation were provided to control the participants' scanning strategy during the localization trials to ensure a fair comparison across the participants.
The participants were forced to practice for at least 4 min against the stimulus with the tumor located at the lateral center (0 mm), and they were given the correct position of the tumor with the toroidal marker before the practice. If they wanted more practice time, they were allowed to practice for an additional 1 min. Then, each tumor position from À15; À5; þ5; and þ15 mm was randomly presented, and the participants were forced to practice in the same way.
After the participants practiced the sensor manipulation, they had eight practice localization trials. Two of each tumor position from À15; À5; þ5; and þ15 mm were randomly presented. The participants were asked to localize the position of the tumor as quickly and accurately as possible within 180 s in each trial. When they found the position of the tumor or reached the time limit, they were asked to indicate the estimated tumor position with the tip of the sensor and grade confidence in their estimated position on a scale between 1 (not confident at all) to 100 (very confident). The response time was measured with a stopwatch. The toroidal marker was put on the position indicated by the participants with the sensor tip. Then, the marker was shifted to the true position to give the participants feedback about their setting.
Each subsequent experimental day consisted of a practice session and an experimental session. The practice session was similar to practices in the first day; however, the participants were forced to practice sensor manipulation for at least 2 min for five tumor positions (the tumor position of 0 mm followed by positions of À15; À5; þ5; and þ15 mm). Then, four practices for tumor localization with feedback about the correctness of their setting were conducted (one for each randomly presented position from À15; À5; þ5; and þ15 mm). In the experimental session, the participants conducted the localization trial 20 times, for four of the randomly presented tumor positions from À20; À10; 0; þ10; and þ20 mm. The protocol was the same as that for the localization practice; however, the participants did not receive any feedback about the true tumor position.
Data Analysis 4.6.1 Localization Performances
The absolute error between the estimated and the true position of the tumor, the confidence rating, and the response time were recorded for each localization trial. As an average value of localization performance for each participant, the median of each parameter was calculated instead of the mean because it was found that the raw data were not normally distributed according to Shapiro-Wilk tests.
To quantitatively assess how well the participants localized the tumor, we calculated an expected value of the absolute error for a random tumor localization. Let L be the maximum lateral length that can be scanned by the tactile sensor, and x tj , ðj ¼ 1; 2; . . . ; 5Þ be the prepared positions of the tumor. At first, the length L was divided into a large number of N segments. We assumed that the participants randomly chose one segment from N discrete segments, and the probability of segment selection was uniform within L. The probability that one of each tumor position is randomly presented, and one of each discrete segment is randomly selected is 1=ð5NÞ. In this case, the expected value E is calculated according to the definition that a summation of each product between a probability and an outcome is as follows:
where x i ¼ ðL=NÞi is the position of the ith discrete segment ði ¼ 0; 1; . . . ; NÞ from the origin, and Dx ¼ L=N is the width of each discrete segment, as shown in Fig. 8 . The length that can be indicated (L) is 80 mm because the entire length is 100 mm, and the diameter of the tumor is 20 mm. The tumor positions are 20; 30; 40; 50; and 60 mm from the left side (corresponding to À20; À10; 0; þ10; and þ20 mm from the center). We substituted these values into Eq. (4) and obtained an expected value of absolute error as 22.5 mm.
Statistical Test
Effects of the tactile feedback and the tumor position on the performance indices were investigated through statistical tests. The significance level was set to 0.05. Before analyses, a Shapiro-Wilk test was conducted to check whether all the dependent parameters were distributed normally. For each index in all participants, a two-way repeated measures ANOVA with the conditions (N and T) and the tumor positions (À20; À10; 0; þ10; and þ20 mm) as factors was conducted. Before the ANOVAs, a Mauchly's sphericity test was conducted to confirm the assumption of the homogeneity of the variance. If the assumption of the homogeneity of the variance was violated, the Greenhouse-Geisser correction was applied. In the case where a significant influence of the tumor position was shown, post-hoc paired t-tests for all possible combinations of the tumor positions were conducted with Bonferroni correction. If the assumption of a normal distribution was violated, we used the aligned rank transform [46] for non-parametric factorial analyses before the ANOVAs. If a significant influence of the tumor position was confirmed, post-hoc Wilcoxon signed rank tests for all possible combinations were conducted with Bonferroni correction. Fig. 9a shows the result of JND measurements. The open circles and error bars show the mean and standard deviation of the JNDs for 12 participants at each reference, respectively. A linear function was fitted to the mean JNDs to reveal the Weber ratio of the pressure (the dashed line in Fig. 9a ). The slope of the fitted line is 0.063, and the intercept is 7.8. The coefficient of determination is 0.999. We also directly calculated the Weber ratio (each JND was divided by the corresponding reference) for each reference (see Fig. 9b ). The dashed curve was drawn on the basis of coefficients for the fitted linear function in Fig. 9a . It was observed that the Weber ratio decreased according to the increasing reference pressure. The Weber ratio was at least 0.40 at the reference pressure of 22.7 kPa.
RESULTS
Weber Ratio
Localization Performances
Fig . 10 shows the absolute error, the confidence in the participants' answer, and the response time for the presented tumor positions under each experimental condition. Fig. 11 shows the performance indices for each participant under each condition.
An ANOVA showed a significant influence of the condition on the absolute error (F ð1; 11Þ ¼ 6:2; p ¼ 0:030). This result indicates that the mean absolute error for condition T is significantly smaller than that for condition N. The ANOVA also showed a significant influence of tumor position on the error (F ð2:5; 28Þ ¼ 14; p ¼ 2:3 Â 10 À5 ). Paired t-tests showed significant differences between tumor positions À20 and þ20 mm (p ¼ 7:2 Â 10 À4 ), À10 and þ20 mm (p ¼ 0:049), 0 and þ20 mm (p ¼ 0:015), and þ10 and þ20 mm (p ¼ 3:2 Â 10 À4 ). These results indicate that the mean absolute error for the localization of the tumor at þ20 mm is significantly larger than for other positions. There were no significant interactions between the condition and tumor position (F ð1:6; 17Þ ¼ 0:28; p ¼ 0:71).
An ANOVA with the aligned rank transform showed a significant influence of the condition on the participants' confidence (F ð1; 99Þ ¼ 190; p ¼ 2:2 Â 10 À16 ). This result indicates that the median of the confidence for condition T is significantly greater than that for condition N. The ANOVA also showed a significant influence of tumor position on the confidence (F ð4; 99Þ ¼ 7:0; p ¼ 5:0 Â 10 À5 ). Wilcoxon signed rank tests showed significant differences between tumor positions À20 and þ20 mm (p ¼ 0:0057), À10 and þ20 mm (p ¼ 4:4 Â 10 À4 ), 0 and þ20 mm (p ¼ 4:8 Â 10 À6 ), and þ10 and þ20 mm (p ¼ 6:7 Â 10 À4 ). These results indicate that the median of confidence for the tumor at þ20 mm is significantly smaller than for other positions. There were no significant interactions (F ð4; 99Þ ¼ 1:8; p ¼ 0:13).
An ANOVA with the aligned rank transform showed no significant influence of the condition on the response time (F ð1; 99Þ ¼ 3:2; p ¼ 0:078). The ANOVA also showed a significant influence of tumor position on the time (F ð4; 99Þ ¼ 7:1; p ¼ 4:9 Â 10 À5 ). Wilcoxon signed rank tests showed significant differences between tumor positions À20 and þ20 mm (p ¼ 0:0021), À10 and þ20 mm (p ¼ 4:8 Â 10 À6 ), 0 and þ20 mm (p ¼ 2:1 Â 10 À4 ), and þ10 and þ20 mm (p ¼ 0:010). These results indicate that the median of time for þ20 mm is significantly larger than for other positions. There were no significant interactions (F ð4; 99Þ ¼ 1:3; p ¼ 0:27).
DISCUSSION
We will first discuss the performance of the tactile ring for presentation of pressure. The Weber ratio of pressure was 0.40 at the reference pressure of 22.7 kPa. This value is comparable to the value obtained for the similar tactile device that presents a force to the user's finger pad [37] . However, Fig. 9b shows that the Weber ratio is not constant for the reference pressures; thus, Weber's law does not hold for the pressure presented by the tactile ring. Similar behavior of the Weber ratio has also been reported in intensity discrimination of sound [47] . This is referred to as a near miss to Weber's law. The modification of Weber's law is described as follows [48] :
where DI is the JND of a stimulus, I is the reference stimulus, k is the Weber ratio, and I 0 is a constant value. This equation indicates that if the reference stimulus is larger than I 0 , the JND is almost proportional to the reference. Alternatively, if the reference has a value close to I 0 , the JND is also affected by I 0 . The existence of I 0 might be due to noise during the perceptual process [48] . In this study, the diaphragm pump is a possible source of a perceptual noise. The pump supplies pressure with subtle pulsation due to its driving mechanism. When the pressure intensity is relatively small, the subtle pulsative pressure might degrade the perception of the change in pressure. If the pulsative pressure could be reduced, the Weber ratio might not increase even for smaller reference stimuli. The tactile ring always presented an offset pressure of 15.8 kPa as described in Section 4.2. The offset was added to allow for the presentation of the negative feedback direction. The offset should not be large because a large pressure results in a smaller dynamic response of the pneumatic drive unit as shown in Fig. 3d and might also result in lowered sensitivity to pressure change due to adaptation [49] , [50] . The empirically determined offset might actually lie within an appropriate range considering the factors mentioned above. Moreover, it can be seen that the Weber ratio was 0.55 for 15.8 kPa in Fig. 9b . The typical feedback obtained by the user while scanning the phantom tumor is shown in Fig. 4b . The ratio between the peak-to-peak value that marks the tumor (about 16.7 kPa from Fig. 4b ) and the offset pressure (15.8 kPa) was 1.06. Thus, the pressure change due to the tumor was sufficiently perceivable, and it indicates that the gain applied to the sensor output was appropriate.
Next, we will discuss how the tactile ring contributes to tumor localization. The localization error was significantly reduced by providing tactile feedback. Although the tactile feedback gave only simple information to the user, it was effective in intraoperative tumor localization in laparoscopic surgery. Fig. 11a shows that the median of the error for each participant lies below the estimated maximal value of 22.5 mm; thus, the participants performed better than random localizations even under condition N. This implies that the participants could utilize other information such as direct haptic information or visual information from the camera monitor. These results are similar to those obtained in our previous research [33] , where participants achieved better detection performance (discrimination between phantoms with/without the tumor) than chance level under the no feedback condition. This might imply that direct haptic information and visual information are somewhat informative in detection, but they cannot largely contribute to the localization. Tactile feedback, however, contributed to the localization. This might be because of the high wearability of the tactile ring and the spatial coincidence between the manipulating hand and the feedback site. The high wearability and the spatial coincidence might have effectively facilitated the sensory-motor integration and the interpretation of the tactile feedback for tumor localization. Tactile feedback is also effective in the enhancement of the participants' confidence. Although the localization errors for some participants were not reduced by providing tactile feedback, the confidence was enhanced for all participants. The participants could receive direct haptic information and visual information in condition N; however, they could not fully rely on this information to make decisions. Tactile feedback also contributed to the reliability of the participants' decisions. Tactile feedback had no significant effect on response time. This might be because of the different localization strategies used by the various participants. For instance, under condition N, some participants fully used the maximum time because they could not receive any reliable information. On the other hand, some participants stopped the manipulation early when they could not find the tumor.
In this study, we focused on temporal information-based palpation, in which only a single sensor output was measured and instantaneously fed back to the user. The main characteristic of temporal information-based palpation is that the user should dynamically scan the target surface. Fig. 10a shows that the localization error for the tumor at þ20 mm was significantly greater than that for other positions. In addition, the confidence (the response time) for the tumor at þ20 mm was significantly smaller (longer) than those for the other tumor positions. This indicates that the participants achieved worse localization performance for the tumor located at the farthest position. This might be due to the loss of depth information in the camera image; that is, the resolution of position information on the monitor is more reduced for the farther position as shown in Fig. 5c . The appropriate manipulation of the sensor might be difficult for the participants at the farther position. On the other hand, the surgeon can move the target tissue so that they could appropriately scan the target surface; thus, the worsened localization error due to scanning the farther position might be reduced in surgical situations. In future work, we will investigate how well laparoscopic surgeons conduct the tumor localization using our temporal informationbased palpation system in an in-vivo situation.
Finally, we will discuss advantages and issues in clinical applications. The tactile ring can be used in a disposable manner because of its low fabrication cost. The tactile ring does not include any electrical components, which is an advantage for sterilization. We confirmed that the tactile ring can be sterilized by ethylene oxide gas and its performance is not affected by the sterilization. We have also confirmed that our acoustic tactile sensor can be sterilized. Thus, this study shows a laparoscopic palpation system with high clinical applicability. The tactile ring also has high wearability owing to the design of the rigid ring body, and the surgeon can easily wear it by inserting the ring onto their finger. On the other hand, the tactile ring still has a few issues. For instance, an expert surgeon commented that the pulsative pressure always presented by the tactile ring causes some confusion with the pressure difference due to the tumor. This issue will be addressed in future studies. Another issue that still needs attention is that the signal processing implemented to control the tactile ring was determined empirically. Currently, there is no systematic method to optimize parameters such as the values of the gain and offset. In future work, we will investigate how these parameters affect performance in tumor localization.
CONCLUSION
In this study, we developed and evaluated a pneumatic tactile ring, which is a clinically applicable tactile device to provide instantaneous sensory feedback in laparoscopic tumor localization. We designed a ring-type device to achieve high wearability. The pneumatic tactile ring has high applicability to surgical situations because it is lightweight, costeffective, sterilizable, and disposable. We also developed a pneumatic drive unit that consists of a diaphragm pump and a voice coil motor to supply the pressure to the tactile ring. The fundamental analysis of the tactile ring revealed that the inner pressure could be controlled linearly based on the input current to the voice coil motor, and it has the bandwidth of at least 1.3 Hz. Moreover, a psychophysical experiment was also conducted to assess the pressure that could be distinguished by the user and how the sensory feedback through the tactile ring contributes to tumor localization performance. It was found that the Weber ratio of the pressure is at least 0.40. Moreover, the tactile feedback significantly reduced the localization error and improved participants' confidence in their estimation of the tumor position. Thus, the tactile ring is effective for intraoperative tumor localization in laparoscopic surgery.
